Introduction
Historically, the toxicologic evaluation of myelotoxicity in experimental animals has been largely limited to classical hematologic evaluation of peripheral blood elements and erythrocytic indices. However, due to the number of peripheral factors which govern and serve to buffer the size of the circulating blood cell pool, hemopoiesis is more accurately evaluated in the context of bone marrow proliferative activity. Alterations in blood precursor cell growth and maturation represent some of the earliest and most subtle alterations occurring in myelotoxic response, often preceding measurable changes in cell numbers or morphology by hours or even days. The application of flow cytofluorometry for DNA cell cycle phase analysis grew out of a need to develop a more sensitive and direct means to examine the cell cycle dynamics of proliferating bone marrow cells. (2) (3) (4) .
Flow cytofluorometry has been usedin a variety of applications in biology which have been reviewed by Horan and Wheeless (3) . The application of flow cytofluorometry for cell cycle analysis is based upon the capability to measure DNA content in individual cells. Prior to analysis cell suspensions are stained with fluorescent compounds which stochiometrically bind to DNA and for which staining intensity is proportional to DNA content. The intensity of fluorescence can be used to measure individual cell DNA content and in turn to estimate the proportion of the total cell population in each phase of the cell cycle (5). Examples of staining reagents which have been used for this purpose include the interchalating dyes ethidium bromide and propidium iodide (6) (7) (8) and the so-called "groove" binding antibiotics, mithramycin (9) and chromomycin (10) . The principal advantages offered by cytofluorometry for the study of proliferating populations include the ability to look at individual cells, speed, sensitivity, and the information the technique provides with respect to alterations in cell cycle distribution among dividing precursor cells. It cannot presently discriminate among different cell lines, nor does it provide direct information on changes in the rate of DNA synthesis. Thus, in its present state of development, flow cytofluorometric DNA cell cycle analysis complements but does not replace other methods for evaluating bone marrow cell populations such as 3H-TdR/DNA turnover, stem cells (CFU-S) or precursor cell (CFU-C, BFU-E) assays.
Principles of Instrumentation and DNA Cell Cycle Analysis
The basic design of the cytofluorometer is similar to that of a fluorometer, the three primary components being a source of excitation, a means of sample introduction or containment, and a detector (Fig. 1) (14, 15) , they are somewhat cumbersome and inefficient for the routine separation of small bone marrow samples. These difficulties arise partly from the relatively narrow size distribution among bone marrow cells (16) . Buoyant-density methods rely on differences in the density of cells. Density separation or isopycnic sedimentation usually employ media of different densities to collect cells at interfaces equivalent to their buoyant density. Density preparations may be discontinuous, with the use of discrete low-, medium-, and high-density solutions, or continuous, with the use of a density gradient.
In preliminary studies of the application of flow cytofluorometry for the analysis of cell cycle phase in experimental animals, we isolated bone marrow precursor cells employing the widely used isopycnic sedimentation technique first introduced by B6yum in 1968 (17) . In these experiments Ficoll/Isopaque (Ficoll/sodium metrizoate) gradients were used to determine the density range for optimum isolation of 3H-TdR labeled bone marrow precursor cells in S phase. The optimum density for the separation of rabbit and rat bone marrow precursor cells was found to be 1.077 g/cm3, enabling the use of a single step gradient to obtain a reproducibly enriched population of bone marrow precursor cells (18 The advantages of PI as a measurement are that it is simple to perform and provides a single term for comparison of different cycling populations (Fig. 4) illustrated by example. Changes in cell cycle distribution in rat bone marrow following demecolcine administration are demonstrable as early as one hour after administration, at which time an accumulation of cells in the G2/M region is observed (Fig.  7) . Although the block is more prominent 4 hr after administration, the leukocyte count is still essentially normal. Colchicine and demecolcine are examples of mitotic spindle poisons which are phase specific, blocking cells at mitosis. Sensitivity to these agents is primarily restricted to S phase, during which period they bind to microtubular protein prior to assembly (23) . Not all cycling cells are affected, accounting for the partial but not total synchronization observed in vivo. In contrast to colchicine vinblastine presents a less straightforward pattern. Cell cycle analysis of rabbit bone marrow 2 hr following vinblastine administration reveals an early reduction in the relative numbers of cells in S and M; however, at 6 hr an accumulation in G2/M is observed (Fig. 8) . The DNA distribution histogram obtained from rabbit bone marrow following vinblastine administration in vivo could be the subject of a variety of interpretations in the absence of data on bone marrow cellularity or knowledge of the effects of vinblastine on synchronized cells in culture. It is known, however, that, in addition to binding to microtubulin, vinblastine possesses antimetabolic activity as well. Cells in culture exposed to vinblastine in S-phase proceed to mitosis and accumulate, whereas cells exposed in late G1 phase undergo lysis prior to mitosis (22, 23) .
The in vivo findings mirror those obtained in vitro and reflect two simultaneous cycle specific phenomena.
The first application of flow cytofluorometric cell cycle analysis for the toxicologic evaluation of an industrial compound has been the study of experimental benzene toxicity. The relationship between chronic benzene exposure and myelotoxicity has been recognized for over 70 years. A variety of blood dyscrasias have been observed in man and experimental animals; however, studies vary widely as to the specific effects of benzene and the conclusions drawn as to the most sensitive parameter or cell line. Various investigators have reported anemia, leukopenia, thrombocytopenia, lymphocytopenia, leukemia, bone marrow hyperplasia or hypoplasia, asplastic anemia and, most recently, hemolymphoreticular neoplasia as occurring singly or in combination as a consequence of chronic benzene exposure.
Additional studies have reported chromosomal abnormalities occurring in bone marrow, including mitotic arrest, inhibition of thymidine incorporation into promyelocytes and basophilic and polychromatophilic erythroblasts, and megaloblastic changes in the erythrocytic series. These findings suggest that benzene produces a defect in maturation of proliferating bone marrow cells that does not appear to be restricted to any single cell line. An especially comprehensive review on the subject is that by Laskin and Goldstein (24) .
Hematologic examination of the peripheral blood in the rat following repeated short-term administration of benzene reveals a dose-dependent depression in the number of circulating leukocytes, lymphocytes demonstrating a particular sensitivity (25) . Erythrocytes and erythrocytic indices remain within normal limits as would be expected based on the half-life of the circulating erythrocyte and the time frame of these experiments (Fig. 9) . The rabbit exhibits a similar lymphocyte depression in response to benzene exposure; however, it appears to be about twice as sensitive (Table 2 ) (26) .
Cell cycle phase analysis of bone marrow in the rat reveals alterations in cell cycle distribution similar in type and magnitude to those observed with demecolcine; although the dose and duration of exposure required to produce a comparable effect are much greater for benzene than demecolcine (Fig. 10) . Compartmental analysis of DNA histograms using the Fried algorthm reveals a dosedependent accumulation of cells in the G2/M region which is eventually reflected by a decrease in G1/Go 
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but normal there afterwards, the temporal sequence suggesting the possibility of the loss of cells labeled in late S phase (Fig. 12) . These findings suggest that benzene induces changes in bone marrow cell cycle distribution and maturation which are similar to those observed with colchicine, affecting a sensitive population of cells in late S phase which then accumulate in G2 or M. Differential examination of bone marrow smears reveals some depression in rapidly dividing precursor cells including: promyelocytes, myelocytes, basophilic and polychromatophilic erythroblasts as well as lymphocytes with little change in mature nondividing cell types such as metamyelocytes, bands, and neutrophils (25) .
Structure-activity relationships are an important i , consideration in the expression of bone marrow 9 10 11 12 13 14 IS 16 toxicity to benzene. Bromobenzene does not elicit the same alterations in bone marrow cell cycle luring repeated benzene activity in either the rabbit (Fig. 5) or the rat ons et al. (25) . (Table 3 ). Neither does administration of bromo- benzene produce a reduction in peripheral blood leukocytes in these species. The rabbit demonstrates a much more pronounced accumulation in G2/M following a much smaller dose and duration of exposure to benzene than does the rat. These differences are also reflected in an increased sensitivity of the rabbit to benzene-induced suppression of peripheral lymphocyte numbers ( Table 2 , Fig. 9 ). Normal rabbit marrow exhibits about twice the proportion of cells in S as the rat, consistent with the indication that benzene affects an S phasepopulation of cells. Based on this evidence we are currently testing the hypothesis that sensitivity to benzene may be modulated by conditions that promote cycling and partial synchrony in proliferating bone marrow cell populations. Flow cytofluorometric DNA cell cycle analysis makes possible the identification of early proliferative alterations in blood precursor cells in bone marrow often in the absence of change in peripheral blood cell parameters. Cycle or phase specific changes in proliferating cells may reveal clues as to the mechanism of toxic insult and can be used to discriminate between agents with markedly different myelotoxic effects.
